The present study was undertaken to determine the mechanism of neointima formation in rabbit arteries subjected to extensive endothelial desquamation. Endothelial cells were selectively removed from the abdominal aorta by passing an inflated balloon catheter through the vessel. The healing response was then studied serially for up to a week, when neointima formation had provided a virtually complete cover. In en face preparations, the early neointimal cells appeared in random locations; they did not develop in apposition to residual, healthy endothelium. The possibility of blood cell colonization was explored by inserting killed aortic homografts. Since these homografts showed neointima formation only close to the site of junction with the normal aorta and as a direct extension of healthy endothelium, the likelihood of significant blood cell colonization was deemed small. Histologic and electron microscopic sections provided evidence that the early neointimal cells in the healing aorta were derived from medial smooth muscle cells. Healing of the injured arterial intima was accompanied by thickening instead of prompt restoration to normal, and the thickened intima resembled an arteriosclerotic plaque. The present study thus supports the concept that arteriosclerosis is a disease involving proliferation of medial smooth muscle cells.
• The normal blood vessel intima appears to represent a remarkably stable tissue because it demonstrates an extremely low rate of cell turnover (1) (2) (3) . Nevertheless, both endothelial cells and medial smooth muscle cells can show proliferative activity in response to chemical or mechanical injury (2) . It is reasonable to assume that replacement of the rare aged or effete endothelial cells and repair of small intimal lesions are accomplished by proliferation of adjacent endothelial cells. However, more extensive endothelial damage can create special problems. Widespread loss of such cells can result in areas that are far removed from healthy endothelium; direct growth by extension of proliferating endothelial cells would then be a slow and inefficient means of restoring a cellular cover. Nevertheless, Poole and his This study was supported by U. S. Public Health Service Grants HE 05415 and HE 11472 from the National Heart and Lung Institute, by the Manning Founcation, and by the John A. Hartford Foundation.
Received March 22, 1974 . Accepted for publication August 6, 1974. 58 associates (4) have concluded from studies on mechanically traumatized rabbit aortas that such a direct extension of endothelium is the source of the new cover and that many weeks are required for most areas of damage to become reendothelialized.
In the present study endothelium was selectively stripped from rabbit aortas by a balloon catheter technique. Arterial intimas that had been devoid of endothelial cells at the lumen immediately following this procedure were found to be completely covered by a fresh layer of cells after 1 week; we called this new cover the neointima. Three possible sources of the new intimal cells at this early healing phase were considered; (a) proliferative extension of endothelium from undamaged areas as reported in earlier studies (4), (b) colonization of the denuded areas by circulating blood cells that subsequently undergo transformation (5) , and (c) migration, metamorphosis, and proliferation of medial smooth muscle cells. Our present data indicated that the major source of early neointima in the experimental situation studied was smooth muscle cells from the media, a possibility first suggested in 1936 by Stchelkounoff (6) .
Methods
Experiments were performed on the abdominal aortas of male New Zealand rabbits weighing 2-4 kg. Surgical procedures were carried out under light sodium pentobarbital anesthesia supplemented with ether as necessary.
ENDOTHELIAL REMOVAL
Aortas were denuded of endothelium by passage of a balloon catheter according to a modification of the method developed by Baumgartner (7) . A 5F Fogarty catheter was passed into the aorta via the left femoral artery. When the tip of the catheter was approximately at the aortic bifurcation, the balloon was inflated to a pressure of about 735 mm Hg. While this pressure was maintained, the balloon was passed slowly to about the level of the diaphragm and then down again to its original position; this procedure took about 15 seconds and was repeated twice with the balloon rotated slightly each time to compensate for its possible asymmetry. The balloon was then allowed to collapse, the catheter was withdrawn, the femoral artery was ligated, and the wound was closed by conventional techniques.
VESSEL GRAFTS
In some experiments segments of the aorta were grafted into the aortas of recipient rabbits. The grafted segments measured about 1 cm in length and were postioned below the origins of the recipient's renal arteries. This procedure was accomplished by occluding the recipient aorta with atraumatic clamps and then dividing the vessel. The graft was sutured in with two end-to-end anastomoses. Continuous 6-0 silk sutures were inserted by standard microvascular techniques; these sutures were interrupted at each lateral corner of the anastomosis. Several types of grafts were employed. Allografts were obtained from donor rabbits that had been killed. Some of these allografts were rinsed in saline and frozen at -20°C until they were used. Other allografts and all autografts were freshly obtained and used within 20 minutes of removal. In these experiments the vessels were handled carefully, although they were subjected to intimal trauma by rotating a wooden applicator stick coated with Silastic through the lumen after the desired segment had been excised.
MORPHOLOGIC TECHNIQUES
Histologic sections of the vessels were prepared for examination by either of two techniques. En face preparations of the entire abdominal aorta were processed in situ with fixation and staining for nuclear and intercellular detail as described by Poole and associates (4) . Cross sectional rings of vessels were obtained from other rabbits for light and electron microscopy. These rings were processed by perfusion fixation of the desired arterial tissue via the thoracic aorta with drainage through the right femoral artery. The perfusate was O.lM cacodylate-buffered 2.5% gluteraldehyde-2% paraformaldehyde (8) minutes at 120 mm Hg pressure. All procedures were carried out with solutions at a pH of 7.4. The abdominal aortas were carefully dissected free and immersed in the same fixative at 4°C for 1 hour. The rings were then placed in 7% sucrose-0.1 cacodylate buffer overnight and washed repeatedly in O.lM cacodylate prior to postfixation. They were postfixed in 2% osmium tetroxide buffered with cacodylate for 1 hour followed by en bloc staining with 1% uranyl acetate for 30 minutes. The rings were dehydrated through ethanol and flat-embedded in Epon 812.
Cross sections of entire vessel rings were cut about lfj. in thickness and stained for light microscopy with basic fuchsin-methylene blue (9) . Areas of interest were selected for thin sectioning and examination by electron microscopy. The thin sections were stained with 6% uranyl acetate followed by lead hydroxide and examined in a Siemens 1-A Elmiskop electron microscope.
All results were derived from successful experiments on at least four separate rabbits, unless otherwise stated. The figures illustrate typical results from rabbits in which the balloon injury was deemed adequate. Earlier studies of rabbits whose vessels showed abundant areas of typical, intact endothelium resembling that in Figure 1A were excluded. As experience was gained with the technique, incomplete deendothelialization was rarely encountered.
Results

EFFECT OF BALLOONING
En face specimens examined 24 hours to 3 days following the balloon injury showed virtually complete elimination of the endothelial cover. This finding was confirmed by the absence of the typical intercellular junctions which normally stain with silver, by the loss of axially oriented nuclei on the surface, and by the presence of numerous adhering platelets and scattered leukocytes ( Fig. IB and C) . At 24 hours, most of the leukocytes were neutrophiles, but later specimens showed increasing numbers of mononuclear cells. These findings were also evident in histologic cross sections and electron microscopic studies of the vessels. The internal elastic lamina was intact, and evidence of significant deeper injury was not present, in conformity with earlier observations concerning the state of the media (8) . The media appeared to be free of identifiable damage, as shown by the absence of edema, cell debris, leukocyte migration, and degenerative changes in the smooth muscle cells. En face specimens showed that the original endothelium remained at sites beyond the balloon injury and was conspicuous at the origins and vessel branches where a small area of uninjured cells was typically visible, usually extending about 4-10 cell lengths from the branch origin. In occasional specimens, small isolated patches of endothelium which had escaped removal were seen on the aortic wall. The demarcation between intact and denuded endothelium was always sharp and distinct. The area most likely to show incomplete loss of endothelium was that proximal to the origins of the renal arteries where the aorta is distinctly wider. Accordingly, the observations reported in this paper were derived from segments of vessel distal to this area where deendothelialization was virtually complete.
PATTERN OF NEOINTIMA FORMATION
The first major distinction to be made was between endothelial cell replacement resulting from direct proliferative extension of in- tact endothelium and that involving the appearance of new cells geographically unrelated to the uninjured tissue at branches or at sites proximal to the extent of balloon injury. This question was explored primarily by examining serial en face preparations, and the data suggested a random appearance of new cells not arising from normal tissue.
About 3 days after injury, small numbers of spindle-shaped cells were seen on the damaged surface. Their plane of location approximated that of the adhering platelets and leukocytes, and the long axis of these cells corresponded to the direction of blood flow (Fig. ID) . Their location was completely random with no particular area demonstrating early appearance or concentration. Mitotic figures were seen at this time and were readily identified in the subsequent phases of healing also. The number of neointimal cells increased by the fourth day, and by the fifth day perhaps 50% or more of the previously denuded area had been covered (Fig.  IE) . At this stage, cells were frequently seen in apposition to each other. Occasional silverstained lines were seen between closely positioned cells, suggesting the reestablishment of cell-to-cell "contact." As the surface cellularity increased, there was a corresponding disappearance of platelets and leukocytes. By the sixth day, cover by the neointima was virtually complete, and silver-stained contacts now were seen between most of the cells (Fig. IF) . This process typically was completed by the seventh day. The pattern of silver staining differed strikingly from that of uninjured areas or control vessels. Whereas normal endothelium typically showed elongated cells lined up in the direction of blood flow, the neointimal cells appeared to be rounded with no particular orientation (compare Fig. 2A with 2F) .
In the course of the experiments, proliferative activity was visible at the margins of the intact endothelium. Mitotic figures in the nuclei were present, and extension of large cells into the damaged areas was seen, although these cells maintained their contact with the parent tissue as well as their axial orientation. However, by the time neointima formation had been completed at the sixth or seventh day, the area occupied by such contiguous growth was relatively sparse as estimated from greatly enlarged prints of the en face preparations. The total area of a vessel segment, including the endothelialized region around a branch and up to a similar area in a distal branch, was cut out and weighed. The section covered by directly extending endothelium was then cut out and weighed separately, and its contribution to the total area was calculated. In four specimens thus studied, direct extension accounted for 13, 13, 16, and 24%, respectively, of the surface area.
In summary, the events just described resulted in a cellular cover that appeared to serve as a complete neointima by about a week after injury. Most of this neointima consisted of cells with irregular margins and little uniformity in size or shape. These cells contrasted with the sparser but more uniform cells associated with branches and other uninjured areas. The latter seemed to be derived from preexisting endothelium and tended to be oriented with their long axis along the direction of blood flow. At this stage, en face preparations showed virtually no adhering platelets and leukocytes. This pattern of neointima formation is illustrated in Figure 1 .
Semithin cross sections cut from eponembedded vessels at various regions in the injured areas presented a picture which conformed to that seen in the en face preparations. An early period of platelet and leukocyte covering on the denuded areas was seen in the first 2-3 days (Fig. 2A) . Beginning on the third day, scattered neointimal cells were seen on the luminal side of the internal elastic lamina (Fig. 2B) , and these cells rapidly increased, as illustrated in the preparation obtained on the fourth day (Fig. 2C) . The neointima quickly became a multilayered structure in contrast to the single layer of endothelial cells that characterizes the normal vessel. This piling up of cells and the corresponding thickening of the intima began by the fourth day in focal areas, was prominent by the fifth day (Fig. 2D) , and was almost universal a week after injury (Fig.  2E) .
MIGRATION OF CELLS THROUGH THE INTERNAL ELASTIC LAMINA
Also evident in these sections were smooth muscle cells in various phases of passage between the media and the intima through lacunas in the internal elastic lamina. Smooth muscle cells were rarely observed in Circulation Research, Vol. 36, January 1975 such positions on the third day after injury, were most readily encountered on the fourth day, and were present as late as the sixth day. These cells were confirmed as smooth muscle cells by their typical electron microscopic appearance. In some preparations, particularly on the fourth day, virtually every lacuna of the internal elastic lamina contained a portion of a smooth muscle cell in one or another stage of migration. In some cases, the migration appeared to be clearly from media to lumen, because the intimal region was free of other cells, except for platelets. Some migrating cells were in direct contact with the lumen; others intruded below neoendothelial cells already in place and thereby appeared to contribute to intimal thickening in addition to providing replacement. Cell migration through the internal elastic lamina is illustrated in Figure 3 .
ELECTRON MICROSCOPIC OBSERVATIONS
Examination by electron microscopy at various intervals 1-7 days after removal of the endothelium corroborated the findings from en face preparations and histologic cross sections. In addition, a detailed study of the cells that composed the neointimal cover allowed their morphologic identification as modified smooth muscle cells. These cells possessed large numbers of filaments which were dense at the cell peripheral margins, and they were enveloped by an incomplete, closely associated basement membrane. Pinocytotic vesicles were seen on both their lumenal and ablumenal borders. They were considered to be smooth muscle cells with an abundance of rough endoplasmic reticulum and free ribosomes. The cells closest to the internal elastic lamina were especially rich in these organelles; those at the lumen showed numerous projections into the lumen, and some showed retention of basement membrane on the lumenal surface. Interestingly, virtually no platelets were seen adhering to this basement membrane. These neointimal cells were for the most part only loosely associated with their neighbors (Figs.  4 and 5) . None of the neointimal cells showed Weibel-Palade bodies.
EFFECT OF KILLED MEDIA ON REGENERATION OF ENDOTHELIUM
The random appearance of neoendothelial cells on denuded intima could represent replacement by migrating smooth muscle cells from the media. However, the contribution of the medial cells could have been partial and even insignificant, since other investigators have reported colonization and transformation by blood leukocytes (5); this latter type of reaction might have produced the major regenerative response. To evaluate this possibility, regeneration of the endothelium in a segment of vessel with no available medial smooth muscle cells was studied. Preliminary attempts to eradicate viable smooth muscle cells completely in in situ segments of aorta were unsuccessful. These experiments included 20-30 minutes of localized internal compression with the balloon catheter maintained at 1,100 mm Hg, repeated freezing and thawing (up to five times) with Dry Ice for periods of about 2 minutes per freeze with about equal intervals between freezes, heating at 56°C for about 5 minutes, and topical application of 95% ethanol to a segment of aorta. In each such experiment, the aorta was also ballooned in the usual way and was examined 6-7 days after injury. In these experiments, the abdomen was opened so that the aorta could be visualized, and silk ligatures were placed loosely around the vessel to designate the location of the medial trauma. Although some medial necrosis was evident in many of the preparations, morphologically normal smooth muscle cells were always present in significant numbers. In all of these studies, both cross sections of epon-embedded material and en face preparations demonstrated significant development of neointima. These experiments were considered to be inconclusive.
To kill medial cells reliably, the following methods were adopted. Rabbit aortas were removed and frozen at -20°C in isotonic saline for periods of a week or longer. These aortas were thawed when ready for use, and 1-cm segments were cut from areas free of visible branches. They were then used as allografts in recipient rabbits and were inserted as described in Methods. Healing was allowed to proceed for 6-7 days or longer. In all of these frozen-thawed allografts, the extent of neointima formation after about a week was minimal; it was confined to direct extension from the intact recipient vessel across the suture line. A thin layer of platelets and scattered leukocytes were the only Electron micrograph of a rabbit artery injured by balloon catheterization. Three days after injury, a medial smooth muscle cell (S) was seen migrating from the media through a fenestra of the internal elastic lamina (I). The myofilaments (arrow) were compressed as they passed through the fenestra. The bar represents lfi; original magnification was 6200x.
cover seen over the remaining intimal surface of the graft. Cross sections at the site of overgrowth onto the graft and also on the recipient aorta adjacent to the suture line showed intimal hyperplasia, sometimes to a striking degree, with the neointima exhibiting many cell layers. The media of the graft showed no intact smooth muscle cells in cross sections by light microscopy, and the necrotic nature of these cells was confirmed by electron microscopy. These observations are illustrated in Figures 6 and 7 . Four frozen-thawed allografts were followed for up to 6 weeks, and en face preparations in the specimens obtained even after the longest periods following injury showed an incomplete cell cover. The new intima was evidently the product of direct extension, as it was in the 1-week specimens; it covered about one-third of the denuded area. Neither graft rejection, i.e., inflammatory cellular reaction, nor gross disruption of the vascular contour was observed.
As a control for possible retarded reendothelialization in grafted vessel segments, two fresh autografts and two fresh allografts were implanted in the usual manner. These grafts were examined in en face or histologic preparations after a week in situ. Although these grafts had been deendothelialized by passage of an applicator stick prior to placement, they showed normal formation of the neointima as seen in Figure 6 . Electron micrographs of these preparations were essen- tially similar to those of the ballooned intact artery.
Discussion
The experiments in the present study suggest that in the presence of extensive endothelial denudation the neointima of the rabbit aorta at 1 week is derived mainly from medial smooth muscle cells that have miCirculation Research, Vol. 36, January 1975 grated to the surface. Several lines of evidence support this view. (1) As seen in en face preparations, the early appearance of neointimal cells was scattered and random. There was no evidence of major intimal replacement resulting from direct proliferative extension of residual normal endothelium. Indeed, the margin between normal endothelium and neoendothelium was always dis-tinct; the leading edge of the spreading residual intima had a characteristic appearance with axially oriented cells that were in direct apposition to cells from which they had evidently been derived. Neointimal cells distant from uninjured tissue were generally isolated from each other in early stages of repair; subsequently, they established extensive cell-to-cell contact. These observations suggest a diffuse repopulation rather than one derived by direct proliferation from local foci. (2) The diffuse repopulation could have represented colonization onto the denuded areas by circulating blood cells; this type of healing has been suggested by other investigators (5, 10, 11) . Participation of such circulating cells is rendered less likely by the failure of killed grafts to indicate any colonization response. In contrast, deendothelialized grafts with viable smooth muscle cells showed the usual neointimal formation. (3) The final evidence favoring colonization by medial smooth muscle cells was the presence of such cells in various stages of passage through the lacunas in the internal elastic lamina. Of course, it is impossible to prove the direction of migration in fixed material. However, by electron microscopy the migrating cells had distinct smooth muscle cell characteristics such as associated basement membrane and abundant myofibrils. Moreover, these cells were often seen in direct approximation to the lumen; since there were no overlying cells, they presumably came from deeper sites.
These findings suggest that the early
FIGURE 7
Electron micrograph of an allogenic rabbit artery that was frozen and thawed and then implanted into a donor rabbit. neointima in a vessel undergoing healing after extensive endothelial denudation is derived largely from smooth muscle cells of the media, as suggested by previous investigators (12, 13) . These data also agree with the recent observations of Stemerman and Ross (14) in monkeys and Christensen and Garbarsch in rabbits (15) . The advantages of providing a neointima from medial smooth muscle have been noted earlier in this paper, and they pertain to a readily available source of vessel cell cover. A second consideration may be of additional major importance. The present study and those of other investigators (14, 16) have shown that the healing neointima undergoes progressive thickening over a period of months, leading to the formation of a lesion resembling the arteriosclerotic plaque. When the vascular insult is not repeated or continued, there is ultimate regression, so that about 6 months after injury, the thickness of the intima is restored virtually to normal (14, 17) . It is not unreasonable to hypothesize that the nature of the cell cover governs the proliferative activity of the intima. Perhaps the normal intimal thickness is maintained only in the presence of a cell cover that behaves like stable endothelium. If so, the early smooth muscle neointima would favor growth; a later cover with endothelial cells would arrest and even reverse the process. The source of these later endothelial cells could be either gradual direct overgrowth by intact endothelium from distant sites or metaplasia of in situ smooth muscle cells into endothelium. Recent studies have demonstrated that foci of the injured rabbit aorta retain increased permeability to Evan's blue dye for at least a month following discrete mechanical injury (18) , perhaps reflecting areas yet uncovered by true endothelium.
The mechanism whereby the cell cover might influence intimal proliferative activity has been suggested by studies of Ross and his associates (19, 20) . It has been demonstrated that materials derived from plasma and platelets stimulate medial smooth muscle cell proliferation and migration. The increased permeability associated with the neointima might well permit entry of such materials into the vessel wall, and perhaps hypertrophy continues until true endothelium reestablishes a more effective barrier.
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